ABSTRACT
The construction of the Three Gorges Reservoir (TGR) has seriously affected the fish assemblage in the impounded reaches. However, fish assemblage changes in the riverine zone remain poorly documented. In order to explore how upstream fish assemblage has responded to the successive impoundments of the TGR, fish investigations were conducted biannually in Hejiang, a protected reach of the upper Yangtze River, during the period from 1997 to 2011. Multivariate analysis revealed significant temporal differences in fish assemblage following the impoundments of the TGR. Prior to the impoundments, the fish assemblage appeared to be very diversified and very even. Immediately after the first and the second impoundment, the lotic species, such as Coreius guichenoti, Rhinogobio ventralis, Rhinogobio cylindricus and Coreius heterodon, became evidently dominant, due to their upstream migrations from the reservoir. However, two years after the third impoundment, the lotic species decreased dramatically, while lentic Hypophthalmichthys molitrix and Pelteobagrus vachelli became the new dominant species. Based on this and other studies, we can see the habitats of the riverine fish in the upper Yangtze River have been shrunk seriously because of the impoundments of the TGR. The cascade hydropower development in the lower Jinsha River will pose an accumulative effect on the aquatic environment in the mainstream of the upper Yangtze River. Free-flowing tributaries, such as the Chishui River, will play more important roles in fish conservation.
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Changements à long terme dans les assemblages de poissons en Hejiang, un bief protégé de la haute rivière Yangtsé, après mise en service du Barrage des Trois Gorges
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INTRODUCTION
Aquatic biodiversity has declined sharply around the world and correspondingly, a large number of species are considered to be already extinguished or endangered (Moyle, 1992; Fu et al., 2003; Chen et al., 2009) . Dam construction is regarded as one of the most dramatic anthropogenic factors that affect freshwater ecosystems (Bunn and Arthington, 2002) . Dams and their associated impoundment can pose a great threat to biodiversity by altering water flow regimes, fragmenting habitats, modifying channel morphology and bed structure, changing water temperature and water quality, destroying reproductive environments, and blocking migration routes (Larinier, 2000) . Notable upstream and downstream changes in fish assemblages, including species composition and relative abundance, have been observed after impoundment of reservoirs in many rivers (Erman, 1973; Winston, 1991; Gido et al., 2002; Jeffrey et al., 2003; Quinn and Kwak, 2003; Quist et al., 2005; Han et al., 2008; Johnson et al., 2008; Gao et al., 2010; Yang et al., 2012) . The Three Gorges Reservoir (TGR), located in the lower section of the upper Yangtze River, is the largest hydroelectric station in the world, with a capacity of 3.93 × 10 10 m 3 , water level 175 m above sea level (asl) and surface area of 1080 km 2 (Huang et al., 2006) . Closure of the TGR was completed in 1997 and the impoundment was implemented by three steps. The first impoundment was conducted on June 2003 and raised the water level from 95 m asl to 135 m asl. The second impoundment was conducted in September 2006, which resulted in a reservoir water level of 156 m asl. Experimental impoundment of the designed maximum water level, 175 m asl, was implemented in September 2008 and September 2009, and raised the water to about 173 m asl and 171 m asl, respectively. After two years of experiments, the water level of the TGR reached the designed water level in October 2010 for the first time, which represented the full operation of this reservoir. The upper reaches of the TGR have undergone fast and intense modifications after each impoundment because a lotic ecosystem has been suddenly transformed into a lentic environment. Ultimately, the portion of upper Yangtze River between Yichang City and Chongqing City, measured to be approximately 600 km, has become known as the TGR. The impounding mode of the TGR provides a good opportunity to explore how fish assemblages have responded to these successive disturbances. Previous investigations have revealed evident and immediate fish assemblage changes in the lacustrine area and the transitional zone of the TGR (Wu et al., 2007; Gao et al., 2010; Yang et al., 2012) . However, variations in fish assemblage in the riverine zone of the TGR remains poorly documented. In this paper, based on data collected during the period from 1997 to 2011 in Hejiang, a protected upper reach of the upper Yangtze River, our objective was to explore long-term temporal patterns of upstream fish assemblage properties following the successive impoundments of the TGR, including changes in species composition, relative abundance and size structure. We believe these findings can provide insight into basic ecological forces that structure fish assemblages and help to establish reasonable conservation measures.
MATERIALS AND METHODS

> STUDY AREA
The Hejiang reach selected for this study was adjacent to Hejiang County (Figure 1 ), Sichuan Province, about 100 km upstream of the backwater of the Three Gorges reservoir (175 m asl). The length of the study reach was about 30 km. The width of the river varied from 500 to 1000 m and the water depth averaged 14.2 m. The average annual discharge was calculated to be 2690 × 10 8 m 3 , with the flooding period usually between June and September and the dry season occurring from December to May (http://xxfb.hydroinfo.gov.cn). The substrate was composed of rock and bedrock in the main channel, with dozens of beaches studded on the windings. With the diversified habitats, the Hejiang reach was historically an important fishing ground where the traditional target species included Coreius, Rhinogobio, Pelteobagrus, Silurus and Acipenser (Dan et al., 1999) . In 2005, the Chinese government authorized the foundation of "the National Reserve of the Upper Yangtze for Endangered and Endemic Fish" (NRUYEEF) in order to protect the fish resource in the upper Yangtze river; the Hejiang reach naturally became one of the core areas of the reserve (Ministry of Agriculture of the People's Republic of China 2004). As it is located in the lower reach of the reserve, the Hejiang reach was also considered as an important communication corridor for fish between the TGR and the NRUYEEF (Cao, 2000; Wu et al., 2011) . Many potadromous fish (e.g. the four domestic Chinese carps, Coreius and Rhinogobio) migrate up to the NRUYEEF for reproduction during their breeding season, whereas their offspring drift down to the backwater of the TGR for feeding (Jiang et al., 2010) .
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> FISH SAMPLING
Fish samplings were conducted biannually during spring (May-June) and fall (SeptemberOctober) between 1997 and 2011. Each sampling continued for about three weeks. We investigated more than ten local fishing boats using drift gillnets with meshes ranging from 3 to 5 cm (100−200 m long × 1.0−2.3 m high). Nine traditional fishing sites (sites 1−9) were located along the study reach with a length of 1−2 km, representing all accessible habitat types ( Figure 1 ). All these sites were sampled evenly each year. Normally, fish were collected during the daytime between 0600 and 1800 h. Each fishing boat had one catch per day and most of the boats were investigated every day during the sampling period. Fish were identified, counted, measured (to the nearest mm) and weighed (to the nearest g). Drift gillnets with meshes ranging from 3 to 5 cm may not be effective for catching small fish. Therefore, our investigations were restricted to larger-bodied species or larger size classes. Since all samplings were carried out using the same fishing gear, the collections can provide useful information of interannual changes in relative abundance of the dominant species (Gido et al., 2000) .
> DATA ANALYSIS
To determine the temporal variations in species composition, the degrees of similarity of the fish assemblages among different sampling years were examined using cluster analysis (a group average hierarchical sorting strategy) and non-metric multidimensional scaling (nMDS) ordination analysis based on the Bray-Curtis similarity matrix (Clarke, 1993) . Because the purpose of the analyses was to determine interannual variations in fish assemblages, the data obtained in the same year were pooled in the analyses. Relative biomass data (percentage of total biomass over all species) for each species during each year was square root-transformed in order to normalize the data and avoid skew, and the Bray-Curtis similarity coefficient was calculated based on the relative biomass matrices. Rare species whose relative biomass was less than 0.1% and occurred in less than three years were excluded from the analysis. Analysis of similarity (ANOSIM) was carried out to determine the differences among different year groups. Similarity of percentage analysis (SIMPER) was used to identify those species most responsible for the dissimilarity among different year groups. Variation in species relative abundance was also examined by the Abundance Biomass Comparison (ABC) method (Warwick, 1986) . ABC curves were constructed and the W-statistic was calculated; a negative sign indicated that the biomass curve was below the abundance curve and suggested a disturbed community, whereas a positive sign indicated that the biomass curve was above the abundance curve and showed an undisturbed state. Changes in average body size over time were explored using linear regression and size frequency distributions were also examined for the most abundant species. All these multivariate analyses were performed with the PRIMER 5 software package (Clarke and Warwick, 1994) , including the modules 'CLUSTER', 'NMDS', 'SIMPER', 'ANOSIM' and 'ABC', respectively.
RESULTS
> SPECIES COMPOSITION
Over the 15-year study period, 79 species from 47 genera and 10 families were collected by drift gillnets, corresponding to 51 441 individuals, weighing 4 309 864.2 g. Twenty of the recorded 79 species were endemic to the upper Yangtze River (Table I ). In terms of the number of species recorded, Cyprinidae was the most abundant family (62%), followed by Bagridae (14%) and Cobitidae (8% Platysmacheilus nudiventris Lo, 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Rhodeus sinensis Günther 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Rhodeus ocellatus (Kner) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Acheilognathus hypselonotus 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (Bleeker) Acheilognathus macropterus (Bleeker) 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Spinibarbus sinensis
Leptobotia elongate, Pelteobagrus vachelli, Leiocassis longirostris and Leiocassis crassilabris,
were observed consistently in every year and occupied a large proportion in the catches. Thirty-two species were present less than three years and relative biomass of another three species was less than 0.1%; these 35 species were considered as rare species and excluded from the analysis. Consequently, 44 species were used for the further analysis.
> TEMPORAL PATTERNS IN FISH ASSEMBLAGE
Classification analysis based on drift gillnet catch data for each year in terms of species relative biomass revealed notable changes during the study period and identified four distinct sampling periods (1997−2002, 2003−2008, 2009−2010 and 2011) . The splitting of these year groups accurately reflected the impounding events of the Three Gorges Reservoir. (Table II) . Among the 14 species, the relative biomass of lotic species, such as R. ventralis, C. guichenoti, R. cylindricus and C. heterodon, dramatically increased with time, whereas the proportion of lentic species, such as Procypris rabaudi, Silurus meridionalis, C. carpio and L. longirostris, decreased notably (Table III) (Table II) . Among the 10 species, the relative biomass of most lotic species 06p8
Figure 3
Multi-dimensional scaling ordination plot for the fish assemblage in Hejiang reach. (e.g. C. guichenoti, R. ventralis and R. cylindricu) declined with time, while C. heterodon gained a further increase after the third impoundment and became the most dominant species. Besides, Hypophthalmichthys molitrix, a typical lacustrine species, became the second most important discriminating species with the relative biomass increased to 4.91%, up from 0.28% (Table III) . Nine discriminating species collectively contributed 85.26% of the observed dissimilarity between the group 2009-2010 and the group 2011 (Table II) . Among the most notable changes was the further decrease in lotic species, while lentic P. vachelli and H. molitrix increased tremendously (Table III) .
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> CHANGE IN BODY SIZE DISTRIBUTION
Five of the 6 most dominant species (C. guichenoti, C. heterodon, C. ventralis, R. cylindricus and P. vachelli) demonstrated no consistent increase or decrease trend in average standard length (Table IV) . Even so, fluctuations were observed for C. guichenoti and C. heterodon, the two large-bodied lotic species, whose maximum sizes were recorded as 570 mm and 630 mm, respectively. The average length of C. guichenoti was no more than 180 mm prior to the impoundment, which increased to 200 mm immediately after the first impoundment. The distribution of the size structure showed similar trends; during the period of 1997−2002, C. guichenoti individuals collected were mainly 100−150 mm in standard length, which increased to 200-250 mm after the first impoundment in 2003 (Figure 4) . C. heterodon exhibited 06p10
Figure 4
Temporal changes in size structure of the most dominant species during the study period. a decreased trend in body size during the pre-impoundment period; however, a remarkable increase in dominant size was observed immediately after the first impoundment and a similar phenomenon was also found after the third impoundment. H. molitrix, a typical lacustrine species, showed a gradually increasing body size with time (linear regression, r 2 = 0.675, p = 0.046). During the period from 1997 to 2008, H. molitrix individuals collected were 300−400 mm in standard length, which increased to more than 500 mm thereafter. At the same time, many mature individuals were caught in breeding season.
> CHANGES IN ASSEMBLAGE DOMINANCE
Differentiation among sampling years was further demonstrated by the ABC curves ( Figure 5 ). During the pre-impoundment period (1997−2002) , the biomass curves and the abundance curves crossed once or twice with negative W-statistics, which suggested the existence of stressed conditions. However, after the first impoundment in 2003, the W-statistics showed a trend of changes in fish assemblages from negative towards positive, which continued until 2006 (except for 2004). These changes might be caused by the upstream migration of larger individuals from the reservoir while it was filling. The suddenly increased biomass and mean body length of the dominant species, such as C. guichenoti and C. heterodon, after impoundments confirmed the influxes of larger individuals (Table IV) . For 2007 and 2008, the W-statistics turned out to be negative again. However, a positive W-statistic was recorded immediately after the second impoundment, suggesting another influx of large-bodied species; C. heterodon and H. molitrix were the greatest contributors (Table III) .
DISCUSSION
> VARIATION IN FISH ASSEMBLAGE
According to Thornton (1990) , the longitudinal hydrological gradient fall along the main reservoir axis can be divided into three zones: riverine, transitional and lacustrine. Hejiang reach was still a riverine segment after the impoundment of the TGR, and the water temperature and discharge remained unaffected. Even so, multivariate analysis revealed significant temporal differences in fish assemblages and four sampling periods were identified. The splitting of these year groups accurately reflected the impounding events of the TGR. Prior to the first impoundment in 2003, the fish assemblage was diverse and even, with both lotic and lentic species occupying large proportions in catches. However, the relative biomass of lotic C. guichenoti, R. ventralis, R. cylindricus and C. heterodon increased markedly after impoundments of the TGR, while the lentic species showed an opposite trend. The increased species, Coreius and Rhinogobio, were well adapted to the swift-flowing waters and responded sensitively to the changes in flow regime. Previous studies indicated that lotic species have declined sharply in the lacustrine zone of the TGR following the impoundments. The two typical lotic species, C. guichenoti and C. heterodon, collectively accounted for more than 70% of the gross catch of the Wanzhou reach in the 1970s, which decreased to 16.76% after the damming (Duan et al., 2002) and 8.46% after the first impoundment (Wu et al., 2007) . Now these lotic species have almost disappeared in the reservoir area of the TGR (Institute of Hydrobiology, unpublished data). The same phenomenon occurred in the transitional zone (Wu et al., 2007; Gao et al., 2010; Yang et al., 2012) . The relative biomass of the two Coreius species was over 70% in the 1970s in Banan reach, which declined to 46.87% in 1997 46.87% in −2000 46.87% in and 35.7% in 2005 46.87% in −2006 46.87% in (Wu et al., 2007 . Obviously, the lentic environment caused by the impoundment could no longer satisfy the ecological requirements of these lotic species and forced them to move upstream in order to find a suitable habitat. Therefore, we observed great influxes of lotic fish in Hejiang, a natural-flowing upper reach, immediately after the impoundments of the TGR. We also noticed that lentic species became the new dominant species two years after the third impoundment. As one of the four domestic Chinese carps, H. molitrix, displayed a preference for a lacustrine environment and fed mainly on phytoplankton, the creation of the TGR provided broad spaces and abundant food resources for the development of the population. Additionally, the local governments have released a large number of fingerlings into the reservoir in order to promote the local fishery. Now H. molitrix has become the most dominant species in reservoir areas (Wu et al., 2007) . Although H. molitrix lives in the lacustrine zone in most of its life history, strict channel morphology and hydrological conditions are required in its reproduction phase; the sections with outcropping sharp rock and sandbars were favorable to H. molitrix spawning (Duan et al., 2009) . After several years of growth, individuals held by the closure of the dam or released by humans have reached the age of maturity. The parent H. molitrix migrated upstream for spawning from the lacustrine zone during their breeding season and their spawning grounds have been found near the Hejiang reach by recent investigations (Jiang et al., 2010) . This is why many matured individuals have been caught since 2009.
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> APPLICATION OF ABC METHODS
Multivariate clustering methods, such as classification and ordination, were sensitive to changes in community structure, but they did not show exactly the direction of these changes (Yemane et al., 2005) . The Abundance Biomass Comparison (ABC) method based on the classical evolutionary theory r and k selection was initially proposed by Warwick (1986) as a technique for monitoring disturbance of benthic invertebrate communities. It was also widely applied to detecting the fish assemblage changes in response to disturbance, such as fishing (Bianchi, 2000; Yemane et al., 2005) , pollution and engineering (Penczak, 1999) . In undisturbed states, the community was supposed to be dominated by k selection species (slow-growing, large body size, long lifespan and late-maturing), but with increasing disturbance, the system was gradually dominated by r selection species with the attributes of fast-growing, small body size and short lifespan. The ABC can reflect changes not only in relative abundance of large and small species, but also in size composition (Yemane et al., 2005) . The present study is the first application of the ABC method to explore fish assemblage changes in the Upper Yangtze River, and the ABC curves and their corresponding W-statistic revealed remarkable temporal variations during the study period. After decades of intensive exploitation, the fishery resource in the Hejiang reach has been seriously damaged (Dan et al., 1999) , and the results of ABC confirmed the existence of high stress to the fish assemblage, with the W-statistics during 1997−2002 all being negative. However, positive W-statistics were recorded immediately after the impoundments of the TGR, likely due to the influx of larger-bodied individuals from downstream. The species that considerably increased, such as C. guichenoti, C. heterodon and H. molitrix, were larger-bodied compared with other species; their influx would undoubtedly lead to changes in the body size structure and outweighed the impacts caused by fishing. The large influx of recruits of dominant species can seriously affect the results of ABC analysis, which was also observed by Penczak (1998) and Yemane et al. (2005) . In this study, we did not examine fish movements (e.g., telemetry and mark-recapture). However, we can infer that fish migrations likely have happened based on the fish assemblage changes in our study reach combined with other research in the lacustrine zone and transitional zone of the TGR.
> PREDICTION OF FUTURE FISH ASSEMBLAGE CHANGES IN THE UPPER YANGTZE RIVER
The upper Yangtze River basin harbors 286 fish species, representing the highest biodiversity of the Palearctic region (Nelson, 1994; Matthews, 1998) . The fish fauna is characterized by a high degree of endemism ( (Park et al., 2003; He et al., 2011) . These endemic species have evolved life history strategies primarily in direct response to the natural flow regimes (Cao, 2000) . Based on this and other studies, we can see that the habitat of riverine fish has been seriously shrunk due to the impoundments of the TGR (Wu et al., 2007; Gao et al., 2010; Yang et al., 2012) . Many lotic species were forced to move upstream and congregated into the limited fluvial upstream stretch, which exposed them to intensive exploitation and frequent natural or human-induced catastrophic events. However, the aquatic environment in the upper Yangtze River will continue changing. According to planning, four large hydropower stations (Xiangjiaba, Xiluodu, Baihetan and Wudongde) are being or will be established in the lower Jinsha River. Fishes in the upper Yangtze River will be subjected to irreversible and accumulative effects from these cascade reservoirs. C. guichenoti and R. ventralis will be the first victims because their spawning grounds are distributed exclusively in the Jinsha River and Yalong River (Liu et al., 1990) . However, their migratory routes were blocked with the closure of the Xiangjiaba hydropower station in 2008. By now, spawning grounds of C. guichenoti and R. ventralis are not found below the Xiangjiaba Dam. Other species, such as C. heterodon, R. cylindricus and L. elongate, will also be seriously effected by the cascade hydropower development in the upper reaches because their entire life cycles are completed within the river system and require particular habitats and rigorous environmental cues (e.g., temperature, flow regime, substrate) to fulfill the reproductive process (Liu et al., 1990) . The altered flow regime and water temperature will greatly change their habitat or probably lead to failure in reproduction. It is expected that species with specific ecological requirements will decrease sharply in the upper Yangtze River. On the other hand, Hemiculter, Pelteobagrus and other species with simpler biological demands or great reproductive plasticity will became the dominant species.
> SUGGESTIONS FOR CONSERVATION
In order to protect the fish resource in the upper Yangtze River, the Chinese government authorized the foundation of "the National Reserve of the Upper Yangtze for Endangered and Endemic Fish" (NRUYEEF) in 2005. The reserve is now the largest aquatic reserve in China, comprising the mainstream of the Yangtze River from Xiangjiaba Dam to Mashaxi, the mainstream of the Chishui River and some of its tributaries, the lower Minjiang River and its tributary Yuexi River, and the estuaries of the Nanguang River, Changning River, Tuojiang River and the Yongning River (Ministry of Agriculture of the People's Republic of China, 2004) .
The reserve aims at preserving three rare fish (Psephurue gladius, Acipenser dabryanus and Myxocyprinus asiaticus) and another 66 endemic fish and their essential habitats. Our study demonstrated that many lotic species likely migrated up into the NRUYEEF for escape from the adverse effects caused by the impoundments of the TGR. Furthermore, lentic species such as H. molitrix use this fluvial upstream stretch as spawning ground. We must realize the importance of this corridor for fish conservation and keep the stretch between the backwater of the TGR and NRUYEEF unimpeded. Considering that the aquatic environment in the mainstream of the upper Yangtze River will be seriously affected by the cascade hydropower development in the lower Jinsha River, long-term monitoring, research and mitigation measures should be intensified. As the function of the mainstream of the NRUYEEF will be undermined, it is necessary to strengthen the protection of the Chishui River, the last undammed tributary of the upper Yangtze River (Wu et al., 2011) .
